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CATHODI C PROTECTI ON DESI GN

1-1. | nt roducti on.

Recently, ceram c coated anodes have been incorporated in
cathodi c protection systens. Ceram c or netal -oxide anodes have
been used for cathodic protection since 1971 in Europe and since
1984 in the United States. One of the nmain advantage of ceramc
anodes are that they are not consuned.

Ceram ¢ anodes consi st of various shapes of high purity titanium
substrates with coatings of precious netal oxides tailored to the
environnent in which they will be used.

Unli ke nost other netal oxides (or ceramcs), these netal oxides
are conductive. Ceram c anodes are dinensionally stable. The
ceram c coating is already oxidized (corroded).

The current capacity is a function of constituent variables and
is rated by the manufacturers. They have design life
expectancies of up to 20 years at a rated current output. The
life can be extended by a reduction in output current density.
Their life is limted by time and current density. The end of
the ceram c anode life is marked by a chem cal change in the
oxide formand a resultant loss in conductivity. Ceram c anodes
are made in a variety of shapes for various applications. Anong
these are wire, rods, tubes, strips, discs, and nesh. Ceramc
anodes have excellent ductility, which has elimnated the concern
about nechani cal damage during shipnent and installation.
Ceram ¢ anodes are also a fraction of the size and wei ght of
traditional anode materi al s.

Scratches or other m nor physical damages to the coating result
in the formation of an inert and nonconductive oxi de of the
substrate (titanium when operated at |less than 60 Vin fresh
wat er and underground applications. |If they are installed in
salt or brackish water, the DC design voltage should be limted
to 12 V. The overall function of the anode is not significantly
I npai r ed.

1-2. Cat hodi ¢ Protection Design Using Ceram c Anodes.

The follow ng steps are involved in designing a cathodic
protection system using ceram c anodes:
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Col | ect dat a.

Desi gn requirenents shoul d be established, and certain
assunptions wll be nade.

1)

2)

3)

4)

Hi story

I nformation fromoccupants in the area can indicate
the severity of corrosion problens. Data on failures
and failure rates of nearby structures can be inval u-
abl e and nmust be consi dered.

Dr awi ngs

Drawi ngs of the structure to be protected and the
area where it is or wwll be installed are needed to
provi de the physical dinmensions of the structure for
determ ning surface area to be protected, and

| ocations of other structures in the area that my
cause interference, of insulating devices, and of
power sources. Information on coatings should be
obt ai ned.

Test s

Current requirenent test and potential survey test
results are needed for existing structures that w |
be protected. Electrolyte (soil or water) resistivi-
ty tests and evaluation of conditions that could
support sul fate-reducing bacteria are needed for al
cathodic protection designs. This information wll
indicate the size of the cathodic protection system
that will be required as well as the probability of
stray current problens. Soil resistivities contrib-
ute to both design calculations and | ocation of the
anode groundbed.

Li fe

The user nust determ ne the required nunber of years
that the structure needs to be protected, or the

desi gner must assunme a nominal life span. The struc-
ture will begin to deteriorate fromcorrosion at the
end of the cathodic protection systenmis design life
unl ess the systemis rejuvenated.
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5) Coatings

Cat hodi ¢ protection conplenments the protective coat-
ing system A good coating system substantially
reduces the amount of cathodic protection current
required. The coating efficiency has to be

assumned.

6) Short circuits

Al short circuits nust be elimnated from both new
and existing structures for which a cathodic
protection systemis being designed.

b. Calculate surface area to be protected.

The overall current requirenent of a cathodic protection

systemis directly proportional to the surface area to be
protected. This includes underground or subnerged pipes,
buried tanks, and wetted surfaces (up to high

wat er (I evel ) of watertanks (including risers).

c. Determne current requirenent.

For existing structures, a current requirenent test wll
provi de the actual current requirenent at the tinme of the
test. Allowance should be nmade in the design for future
degradation of coatings or structure additions that wll

i ncrease the current requirenent.

For new structures not yet installed, the anount of
current needed to provide protection as defined in Na-
tional Association of Corrosion Engineers (NACE) RP-0Il -69
(reference 22) wll be dependent on a nunber of

vari ables. Table 3-1 gives guidelines for current
requirenents in various soil and water conditions.

The efficiency of the coating system both when new and
at the end of design life, is a determning factor in the
range of current that will be required over the lifetine
of the system Total current required is given by the
foll ow ng equati on:

I = (A(1")(l1.0 - &) (eq 1-1)
where | is the total current requirenent, Ais the total
surface area to be protected, |I' is the estimted current

density, and C. is the efficiency of the coating system
Thi s procedure shoul d al ways be foll owed, even when a
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current requirenent test has been performed, as a check
on assunptions made. Current density may be estimated
frominformation given in table 3-1

Sel ect anode type.

Cerami ¢ anodes are nmade in a variety of shapes, such as,
w res rods, tubes, strips, disks, and nesh.

The 0.062-in. dianeter anode wre has a 20-year life at a
maxi mum current rating of 115 mA per linear ft in fresh
water, 285 mA in salt water, and 170 mA in brackish
water. Wre anodes are well suited for applications in
wat er tanks. They are generally not used underground.

Ceram c rod anodes are manufactured bare for aqueous

envi ronments and prepackaged for installation in soil.
Cerami ¢ rod anodes are produced in dianeters of 1/8 in.
1/4 in., 3/8 in. and 2in. and in standard | engths of 4,
6, and 8 ft, although al nost any | ength can be custom
fabricated with self-healing screw connections for field
assenbly to the desired length, or wth pernmanent,
factory-nol ded, cabl e-to-anode connections. For

under ground applications, rods are frequently packaged in
2- or 3-in. dianmeter steel tubes filled with a high
carbon, low resistivity coke breeze. Their small size
and high current capacity make rods particularly well
suited for both underground shall ow and deep anode
systens. For marine applications, the rod anode is often
encased in a perforated PVC package that provides
mechani cal protection and prevents the possibility of the
anode contacting the protected structure. They are used
in a simlar manner as high silicon cast iron and

gr aphi te anodes.

For long ceram c anode wires and rods, the voltage drop
in the titanium substrate nmust be considered. Wile
titaniumis a relatively good netallic conductor, its
resistance is approximately 33 tinmes that of copper. The
maxi mum | ength for solid titaniumw re and rod anode
applications to assure that uniformdischarge of current
is achieved in several different environnents is provided
bel ow

Maxi mum Anode Length From Connecti on Poi nt
Solid Titani um Anodes

Anode Di aneter 0.062 in. 0.125 in. 0.250 in.

7
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ENVI RONIVENT LENGTH (ft)
Sea Wat er 3 5 9
Coke Breeze 6 10 20
Fresh Water 30 50 100

Where a specific design requires |onger |ength anodes than
provided for in the above table, the titaniumwre or rod
can be provided with a copper core to reduce the effective
resistance. This type of construction has been in use for
over 15 years and has proved to be very durable. The
titaniumwal |l thickness should be a m ni mum of 20 percent of
the wire or rod dianeter (e.g., for 0.062-in. dianmeter wre,
the titaniumwall thickness should be 0.0124 in., mninmmn

The maxi mum al |l owabl e I ength for copper-core titaniumwre
and rod anodes is provided in the table bel ow

Maxi mum Anode Length From Connecti on Poi nt
Copper Cored Titani um Anodes
Anode Dianeter 0.062 in. 0.125 in. 0.250 in.

ENVI RONIVENT LENGTH (ft)

Sea Wat er 7 12 24
Coke Breeze 12 24 54
Fresh Water 70 135 300

A strip anode is presently manufactured as a 3- or 7-ft bar
of ceramc-coated substrate, nolded into a multilayer
conposite of fiberglass-reinforced plastic (FRP) and
pol yurethane 4 or 8 ft long and 4 in. wde that provides
I npact resistance, mechani cal support, and electrica
i nsul ati on.

A mesh anode is produced using highly expanded titanium
sheet nmetal and is used where a large area is to be
protected, where area for anode placenent is confined, and
where future access is not practicable. Its use under a
structure's base such as an on-grade tank bottom wth
secondary nenbrane containnment or select reinforced
concrete bridges, wharfs, etc., would be appropriate.

Because of its size and the nature of its application, nmesh
is generally restricted to use in new facilities.
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e. Cal cul ate nunber of anodes (N) or |ength of bare anode wre

(Le) -
1) For required design life

Since ceram c anodes are not consunmed during their
life, the quantity of ceramc material beyond that
required to forma coating is not relevant. The nunber
of anodes or length of anode wire required s
determned from the total current required and the
manuf acturer's published current rating for a given
life. For rod, strip, tube and di sk anodes:

Nunmber of anodes required =

Total current required (eq |-2a)
Manuf acturers rated

current for specific

size, environment and |ife.

2) For wre anodes:

Total footage of anode =

Total current requirenent (eq | -2b)
Manuf acturers rated current

capacity per foot of wre

for a given environnment and

life.

The nunber calculated will determ ne the m ni nrum nunber
of anodes or anode wire |length required.

f. Calculate the total circuit resistance (R).

The total circuit resistance (R;) consists of the anode-to-
el ectrolyte resistance (Ry) plus the interconnecting wre
resistance (R) plus the structure-to-electrolyte resistance

(R)
Rr = Ry + Ry + R (eq 1-3)

A criterion of 2-ohm maxi num groundbed resi stance is often
used to limt the rectifier output voltage and the associ -
ated hazards of overprotection. When the total required
current is low, a higher total resistance is often
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acceptable. As the required current increases, the total
resi stance should be reduced. See table 3-10.

The total anode-to-electrolyte resistance (R) IS
calculated in different ways according to the type of anode
install ation. The anode-to-electrolyte resistance for a

single anode is given by R.

For a single vertical anode:

R, = (0.0052) o [In (8L/d)-1] (eq 1-4)
(L)

Were R, 1Is the anode-to-electrolyte resistance for a
single anode, p is the electrolyte resistivity in ohmcm
L is the length of the backfill colum in feet, and d is
the diameter of the backfill colum in feet.

It should be noted that the anode di nensions are the over-
all length and di ameter including backfill, if the backfill
is coke breeze and is not significantly nore than 2 ft
| onger than the anode or not significantly nore than 20 ft
| onger than the anode colum in a deep vertical groundbed
confi guration. For earth backfill, the backfill colum
di mensi ons should be the dinensions of the manufacturer's
standard packaged anode can. Bare ceram ¢ anodes shall not
be installed in ground wi thout coke breeze backfill. Coke
breeze all ows venting of gases and effectively reduces R.

I f vertical anode dinensions are assuned to be 6 in. in
diameter and 8 ft in length, the following enpirical
relations may be used:

Rv=_D (eq 1-5)
398

| f the anode dinensions are different, a different enpiri-
cal relation nmay be used:

Ra = _J%Ji__ (eq 1-6)

where R, i s the anode-to-electrolyte resistance, p is the
el ectrolyte resistivity in ohmcm L is the length of the
backfill colum in feet, and Kis a shape function that is
selected fromtable 3-4.
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Deep anode groundbed resistance graphs are available for
deep vertical ground beds. (See figure 2-9a through 2-9c
| ocated in section 2-4.)

For a single horizontal anode:

2 2 2
RA:(QOTﬁ)p[1n4L +4;éim VL (eq 1-7)
. 2h _J@mT L 1
L L

where R, is the anode-to-el ectrolyte resistance in ohns, p
is the electrolyte resistivity in ohmcm L is the length

of the backfill cylinder in feet, d is the dianeter of the
backfill cylinder in feet, and h is the depth of the
backfill cylinder in feet.

I f the horizontal anode dinensions are assuned to be 6 in.
in dianeter, 8 ft long, and buried 6 ft bel ow the surface,
the follow ng enpirical expression may be used.

Re=_p (eq 1-8)
441

where R, is the anode-to-electrolyte resistance in ohns and
pis the electrolyte resistivity in ohmcm

For multiple vertical anodes:

Ry = _(0.0052) p [(In (8L/d) -1)
N L

+ 2L In (.656 N)) (eq 1-9)
C

where Ry is the anode-to-electrolyte resistance, p is the
el ectrolyte resistivity in ohmcm N is the nunber of
anodes, L is the length of the backfill colum in feet, d
is the dianmeter of the backfill colum in feet, and Cc is
the center-to-center spacing of the anodes in feet. This
equation assunes a linear configuration of the groundbed
anodes.

| f the nunber of anodes used does not produce a | ow enough

anode-to-el ectrol yte resi stance, the nunber of anodes wl|
have to be increased accordingly.

11
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For optimumresults, the Iength of the backfill colum (L)
shoul d be | ess than the anode spacing (C).

If multiple anodes are assunmed to be 6 in. in diameter and
8 ft long, the follow ng enpirical expression may be used:

P Fay
- 1-10
Ry~ 333 (eq )

where Ry is the anode-to-el ectrolyte resistance in ohns, p
is the electrolyte resistivity in ohmcm and Fy 1S
sel ected from table 3-9, which conpensates both for the
number and spacing of the anodes, which will be connected
t oget her as one groundbed.

If the anode dinensions are different, another enpirica
expressi on nmay be used:

R P
R N P
N N C

C

F

(eq 1-11)

where Ry is the anode-to-electrolyte resistance, Ry is the
anode-to-electrolyte resistance for a single anode, p is
the soil resistivity in ohmcm N is the nunber of anodes
used, P- is a paralleling factor selected fromtable 3-5,
and Cc is the center-to-center spacing of anodes in feet.
This equation assunmes a linear configuration of the
groundbed anodes.

For multiple horizontal anodes:

_ P Fan

R eq 1-12
N 7241 (eq )

where p is the electrolyte resistivity in ohmcmand Fyy i S
an adj3sting factor for groups of anodes selected from
table 3-9.

For a circle of rod anodes (as in a water storage tank):
where Ry is the anode-to-electrolyte resistance, p is the
electrolyte resistivity in ohmcm Lgis the Iength of each

12
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0.0052 x px In [DV2 A, x D]

Ry = (eq 1-13)
I‘B

rod anode in feet, Dis the tank dianmeter in feet, Ayis the
radius of the anode circle in feet, and D: i s an equi val ent
di aneter factor fromfigure 2-17.

For wire anode circle or hoop (in a water storage tanks):

0. 0016 p 8Dg 2 Dg
Ry = ——=—— (1n +1n ) (eq 1-14)
D, D, H

where R, is the anode-to-electrolyte resistance, p is the
electrolyte resistivity, Dy is the diameter of the anode
circle in feet, Dy is the dianmeter of the anode wire in
feet, and H is the depth below the high water level in
feet.

Experi ence has shown that the dianmeter of the anode wre
circle (D) should be typically between 40 and 70 percent of
the tank dianeter.

Wre resistance (Ry) is the sumof both the rectifier-to-
anode lead and the rectifier-to-protected-structure |ead.

Lw R
= W MT 1- 15
Rw= 100 ft (eq )

where Ly is the length of wire in thousands of feet and
Rer 1S the resistance of the wire in ohns per 1000 ft.

The structure-to-electrolyte resistance (R) is dependent
primarily on the condition of the coating.

R :% (eq 1-16)

C
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where Ry is the coating resistance in ohmsquare feet and
Ais the total surface area. |If the structure surface is
bare, negligible resistance is assuned (R. = 0).

g. Calculate required rectifier voltage and current.

The required rectifier voltage (Vge and maxi mum current
rating should include at | east an extra 20 percent to all ow
for variations in calculations fromactual conditions and
for changes in the systemover the systems |ife.

Veee = (1) (Ry) (1.2) (eq 1-17)
where | is the total current required and R; is the tota
circuit resistance as cal cul ated above.

lrec = (1) (1.2) (eq 1-18)
where | is the total current required and lgc IS the

m nimumcurrent rating for a rectifier for this particul ar
appl i cation.

Select arectifier wwth DC vol tage and current capacity of
a slightly larger size (as calculated above) from the
cathodic protection rectifier manufacturer's published
l[iterature

h. Prepare life cycle cost analysis.

The life cycle cost analysis should be prepared according
to the guidelines given in TM 5-802-1 (reference 9).
Anot her source of information on performng life cycle cost
anal yses is NACE RP-02-72 (reference 21). The choice of a
particular anode type and configuration for design
calculation is sonewhat arbitrary. The econom cs nmay
dictate switching to a different design configuration and
repeating the applicabl e design steps.

i. Prepare plans and specifications.

Prepare plans that show the protected structure, |ocations
of anodes, rectifier, test stations, and power source, wWre
routing, and details of wre-to-structure connections,
building or structure penetrations, wre color coding,
potential survey test points in paved areas, and other
pertinent information. Prepare a one-line diagramto show
the entire system including wire sizes, anode type(s)

power circuit, power circuit protection, and source of

14
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power. Prepare specifications to describe required features
of the system conponents.
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